We are interested in the influence of nucleotide composition on the fundamental characteristics of the virus RNA genome. Most RNA viruses have genomes with a distinct nucleotide composition, e.g. ranging from minimally 12.9 % to maximally 40.3 % (C-and U-count, respectively, in coronavirus HKU). We present a global analysis of diverse virus types, including plus-strand, minus-strand and double-strand RNA viruses, for the impact of this nucleotide preference on the predicted structure of the RNA genome that is packaged in virion particles and on the codon usage in the viral open reading frames. Several virus-specific features will be described, but also some general conclusions were drawn. Without exception, the virus-specific nucleotide bias was enriched in the unpaired, single-stranded regions of the RNA genome, thus creating an even more striking virus-specific signature. We present a simple mechanism that is based on elementary aspects of RNA structure folding to explain this general trend. In general, the nucleotide bias was the major determinant of the virus-specific codon usages, thus limiting a role for codon selection and translational control. We will discuss molecular and evolutionary scenarios that may be responsible for the diverse nucleotide biases of RNA viruses.
INTRODUCTION
The group of RNA viruses is abundant and highly diverse. The unusual nucleotide composition of these viral genomes has been recognized since the first viral sequences became available (Jenkins & Holmes, 2003; Karlin et al., 1994; Moya et al., 2004) . Viral RNA genomes differ from host cell mRNAs, but also among themselves, in nucleotide composition, reading frame organization and codon preferences, thus specifying a virus-specific signature. We previously analysed the nucleotide composition of the particularly A-rich (36.2 %) RNA genome of HIV-1, a member of the Retroviridae family (Berkhout & van Hemert, 1994; van Hemert & Berkhout, 1995) . We then pursued the influence of this biased nucleotide composition on the fundamental characteristics of diverse viral RNA genomes.
Although a single-stranded (ss) viral RNA genome lacks intermolecular base pairing with the complementary strand (minus and plus strands), this does not mean that a ss viral RNA virus remains unstructured as a intramolecular base pairing will lead to the formation of hairpins and other structured motifs (Davis et al., 2008) . We therefore analysed the nucleotide composition in the context of the HIV-1 RNA secondary structure of this 9 kb RNA genome, as experimentally probed by the SHAPE technology (Watts et al., 2009) . Similar results were obtained using another HIV-1 RNA structure model that is based on SHAPE reactivity and phylogenetic considerations (Sükösd et al., 2015) . A bipartition of HIV-1 RNA into ss and double-stranded (ds) nucleotides was generated based on this RNA secondary structure model. A-concentration was found to be significantly enhanced in the ss domains, reaching 47.5 % of the ss nucleotides (van Hemert et al., 2013) . Similar results were obtained with MFold-predicted HIV-1 RNA structure models. We also investigated related retroviruses for which the RNA genome structure was predicted, and concluded that the virus-specific compositional signatures are enhanced in the unpaired domains of the retroviral RNA genome (van Hemert et al., 2014) . Subsequently, the nucleotide composition of the RNA genome of six human coronaviruses was analysed and we not only reported some common coronavirus characteristics (high U-and low Ccount), but also species-specific signatures that differentiate the pathogenic Middle East respiratory syndrome (MERS) and severe acute respiratory syndrome (SARS) coronaviruses from less pathogenic coronaviruses (Berkhout & van Hemert, 2015) . Again, nucleotide biases were boosted in the unpaired domains of the predicted structure of these viral RNA genomes. Most recently, we analysed the RNA genome of the Zika virus and reported that purine enrichment is further boosted in the unpaired RNA domains (van Hemert & Berkhout, 2016 ).
Here we studied the compositional characteristics of RNA genomes of a wide variety of viruses that are listed in Table 1 . Most viruses represent classical RNA virus groups, but we included diverse retroviruses (that copy their RNA genome into DNA) and the hepatitis B virus (HBV), which packages a DNA genome that is copied from an RNA intermediate. Multiple representative viruses were selected with positive (+)-sense and negative (À)-sense RNA genomes, including members of the Flavivirus and Astrovirus families (+RNA) and the Mononegavirus and Filovirus families (ÀRNA). We included the previously studied Astrovirus, Coronavirus and Retrovirus families for comparison (all +RNA). Influenza A virus (IAV) was included as a representative virus with a segmented ÀRNA genome. Reovirus was analysed as a representative virus with a segmented dsRNA genome. All these viruses are able to infect humans, but some have a broader host range. A single, non-human +RNA virus was included as outgroup: Barnavirus that infects fungi. For all genomes, the base composition in the context of the folded RNA molecules was investigated and we performed a nucleotide skew analysis along the RNA genome, for all nucleotides and separately for the predicted unpaired (ss) and paired (ds) positions. Codon usage in the ORFs of the viral mRNAs was subsequently investigated, which concerns the +RNA strand for the ÀRNA viruses. Viruses may employ a specific codon usage for the temporal regulation of gene expression (Shin et al., 2015) , but different biological effects have also been discussed in the literature (Belalov & Lukashev, 2013) .
We report that these virus-specific nucleotide preferences are further enhanced in the unpaired segments of the predicted structures of different viral RNA genomes, thus creating a quite pronounced virus-specific signature in the context of the structured viral RNA genome. The analysis also suggests that nucleotide composition is the major driving force behind the well-known virus-specific codon usage patterns. We will discuss the putative mechanisms underlying the selection of these distinct RNA signatures and the possible biological functions of these virus-specific genomes.
RESULTS

RNA virus collection
For all representative viruses listed in Table 1 , we first analysed the nucleotide distribution of ss versus ds nucleotides in the predicted structures of the viral RNA genomes. These data are summarized in Table 2 , except for IAV, for which the eight + and À strands of the segmented genome are presented in Table 3 . We subsequently performed a nucleotide skew analysis along the full-length viral genomes for all nucleotides and the separate ss/ds positions (Figs 1 and S1, available in the online Supplementary Material). These analyses were performed on the genomic RNA strand that is packaged in virion particles, that is the + strand for +RNA viruses and the À strand for ÀRNA viruses. For the ÀRNA viruses Rabies (RABV) and Ebola (EBOV), we also analysed the + strand that functions as the protein-encoding mRNA. The + and À strands are fully complementary in nucleotide composition, but this symmetry is at least partially lost when the RNA structure is considered because complementary RNA strands do not fold complementary RNA structures. For dsRNA viruses we arbitrarily analysed the nucleotide count of the +RNA structure, although the dsRNA form is packaged in virion particles. We also analysed the RNA of retroviruses and HBV, although these viruses also use the DNA format and even a temporary RNA-DNA hybrid that may also play a role in the selection of certain genome properties, e.g. via their interaction with innate immune sensors (Herzner et al., 2015) . Finally, we analysed codon usage in the viral mRNAs (by definition the + strand). We will first discuss some general trends and then present some virus-specific features, followed by a general discussion.
Analysis of RNA viral genomes
RNA structures of all selected viral RNA genomes were predicted by MFold. The use of the ss count output data of MFold allowed estimation for each nucleotide either to become involved in base pairing or to remain unpaired (see Methods). Identity and probability values of base-pair formation that are usually used for the subsequent RNA structure prediction were not included. In the case of RNA genome structures experimentally verified by means of SHAPE, the ss/ds status of the nucleotides was derived from the ct structure file available as Supplementary Material [hepatitis C virus (HCV) and HIV, Mauger et al., 2015; Watts et al., 2009] . We plotted the nucleotide composition of all RNA genomes and for each genome counted the number of ss and ds positions (Table 2 ). For IAV, we analysed the eight genome segments, both the genomic ÀRNA and +mRNA forms (Table 3 ). In general, paired positions (ds) are in excess over unpaired nucleotides (ss) in these folded RNA genomes, with dsRNA values varying from 66.0 % in HKU to 53.8 % in HIV (Table 2) . Human T-lymphotropic virus (HTLV) forms the only exception, with 51.7 % ss and 48.3 % ds nucleotides, underscoring the direct impact of nucleotide composition on the RNA structure.
Without exception, two general trends can be recognized when comparing the features of the ss segments to the general base count: a further A-increase and G-reduction. Searching for biological causes, it remains important to realize that these trends could also have been presented as accelerated A-depletion and G-accumulation in the paired ds domains of the viral RNA genomes. The ss G-depletion is generally less prominent than the ss A-enrichment. We will discuss the nucleotide bias when values for individual nucleotides drop below 21 % or go above 29 %. When we focus on the unpaired ss and structured ds RNA segments separately, we will use different arbitrarily chosen thresholds (18 and 32 %, respectively) to identify the most pronounced patterns.
Trends in nucleotide composition were confirmed by nucleotide skew analyses, performed for the complete viral genomes and separately for the ds and ss positions (selected viruses in Fig. 1 , all viruses in Fig. S1 ). In general, skew lines show more divergence in the ss than the ds positions, in agreement with the nucleotide composition patterns. The skew output usually shows straight lines, indicating the absence of significant positional effects along the viral genome, e.g. in different ORFs or non-coding segments.
Codon usage in the viral ORFs was analysed by means of Ncplots (Fig. 2) . The effective number of codons (ENC values) was plotted versus the GC-content at the third codon position (GC3) (Wright, 1990 Wright (1990) ]. We will now survey the different virus groups.
Astrovirus
The RNA genome of Astrovirus is A-enriched (Table 2, Viral nucleotide bias dictates codon usage Hemert et al., 2007) . Inspection of the ss versus ds compartments in the predicted RNA structures indicated that some of the general trends are enhanced in the unpaired (ss) domain: A increases further to 43.5 % and G decreases further to 13.8 %. The U/C counts rise, but only slightly, in the ds domain. Skew analysis indicates that this A-dominance over the other three nucleotides is apparent along the complete RNA genome, and enhanced for the ss positions (Fig. 1 ). This provides a unique signature, which is remotely similar to that of the A-rich retroviruses (see below). Codon analysis with ENCobs/ENCexp values of 0.933, 0.916 and 0.940 for ORF 1a, 1b and 2, respectively, indicates the absence of a particular codon selection (Fig. 2) . The slight preference for codons that end with A or U seems to be influenced by the unique nucleotide bias of this RNA genome (Table 3 and Fig. 2 ).
Hepatitis A virus
The RNA genome of hepatitis A virus (HAV) has a clear preference for A (29.3 %) and especially U (32.9 %), mostly at the expense of C (16.1 %). This unique signature is more prominent in the ss nucleotide positions (up to 37.6 and 34.2 %, and down to 12.7 %, respectively) of the predicted RNA genome structures. Skew profiles indicate that these trends are present along the viral genome, with U and A in equilibrium (almost straight AU line), but both clearly winning over G and C. Brief codon surveys were previously reported for Duck hepatitis A virus (Chen & Chen, 2014) . The current analysis indicates that the preference for A and U in the codons is marked by a GC3 value of 0.299 and further substantiated by the ENCobs/ENCexp value of 0.74, indicating a weak codon bias. Apparently, next to the characteristic HAV genome composition as a major factor in producing the typical HAV codon usage, weak translational selection also contributes to synonymous codon bias.
Rubella virus
The Rubella virus RNA is C-and G-rich (38.8 and 30.8 %), but only C is further enriched at ss positions (41.4 %) in the predicted RNA structure models. In contrast, G drops to merely 11.1 % in the ss compartment. Skew lines confirm the preference for C and G in the Rubella RNA, but the picture changes considerably for the ds and ss domains, which seem to move in opposite directions. Codon preference in relation to nucleotide composition has been analysed previously (Zhou et al., 2012) . Our survey indicates that synonymous codon bias (ENCobs/ENCexp=0.88) is virtually absent. Instead, it is the biased nucleotide composition of the Rubella RNA genome that results in the extremely high proportion of C-or G-ending codons (>80 %).
HCV
HCV RNA displays an enhanced proportion of C and G (30.0 and 28.2 %, respectively). Strikingly, both features are enhanced in the ds but not the ss domains, in particular for G (31.7 and 36.9 %, respectively). In fact, G really segregates in the ds segment as the ss values drop to only 12.8 %. To compensate for this, U and especially A are increased among unpaired ss nucleotides, the latter rising to 31.1 %. In other words, this viral RNA may be characterized by AUenriched unpaired domains like bulges and loops. As the structure of the HCV RNA genome was recently probed by SHAPE technology (Mauger et al., 2015) , we also analysed this experimentally determined structure. We observed very similar trends, with enhancement in the unpaired ss segments of U and particularly A (31.1 %) and concentration of C and particularly G (37.3 %) in the ds paired segments ( Table S1 ). The skew profiles neatly confirm the contrast between ss and ds nucleotides by an almost complete reversal of the ranking order of the slopes between the ss and ds segments (ss: GA, CA, UA, CG, UC and UG and ds: CG, UG, UC, CA, UA and GA). The HCV RNA has a single ORF that encodes the viral polyprotein. The GC3 value of 0.686 reflects the genomic C/G bias, and no additional synonymous codon usage constraints are apparent (ENCobs/ ENCexp=0.965), as has been documented previously (Hu et al., 2011) .
Coronavirus
Different compositional aspects of coronaviruses and the notable differences between the highly pathogenic MERS and the low-pathogenic HKU coronavirus have been documented previously (Berkhout & van Hemert, 2015) . Some general coronavirus characteristics are apparent (e.g. high U-and low C-count), but there are also species-specific signatures. Most strikingly, the high U and low C proportions act like communicating vessels, C falls when U rises and vice versa (20.3 % C in MERS versus 12.9 % C in HKU and 40.3 % U in HKU versus 32.5 % U in MERS). These nucleotide biases are more pronounced in the unpaired regions of the structured RNA genomes. Consequently, the general trends (A up, G down in ssRNA and G up, A down in dsRNA) appear somewhat more suppressed in HKU than in MERS. Skew profiles support these patterns. The Ncplots display GC3 values that differ for HKU (0.178) and MERS (0.345), but synonymous codon bias is at most very weak with ENCobs/ENCexp values of 0.82 and 0.87 for HKU and MERS, respectively.
HTLV/HIV
Differences between the A-rich (HIV) and C-rich (HTLV) complex retroviruses with respect to nucleotide composition and codon usage have been documented (Berkhout & van Hemert, 1994; van der Kuyl & Berkhout, 2012; van Hemert et al., 2014) . The ss segment of the structured RNA genomes, predicted for HTLV and both predicted and experimentally probed for HIV, further emphasizes these virus-specific biases. HIV takes the lead with 53.7 % A in ss domains, in fact the highest value observed in this study, and HTLV reaches 40.3 % C. Another record low value in this study is 4.7 % G in the ss segments. The skew profiles underline these virus-specific features, which are most prominent in the ss domains. The major ORFs in HIV RNA have ENCobs/ENCexp values slightly below 0.80, indicating a weak synonymous codon usage bias. Such codon bias is virtually absent in HTLV RNA. Anyhow, the distinct codon usage in these two human retroviruses largely follows the biased nucleotide composition of their RNA genomes.
Avian leucosis virus
Avian leucosis virus (ALV) is a simple retrovirus that has a relatively unbiased RNA nucleotide composition, but the ss segment of its genome becomes quite C-poor (18.1 %) and A-rich (38.6 %). Consequently, A nucleotides are markedly restricted from the ds compartment (15.3 %). These complementary trends in ss versus ds segments are apparent along the viral genome in the skew analysis. We scored a GC3 value of 0.520 and ENCobs/ENCexp values of 0.97 (Pol) and 0.98 (Env), indicating the absence of any significant codon bias.
Mouse mammary tumour virus
Mouse mammary tumour virus (MMTV) RNA is slightly A-rich (30.1 %), which is more prominent among the ss nucleotides (43.0 %) of the predicted RNA structures. Ccounts follow the G-counts and U is proportionally stable. The skew profiles underline these properties. The GC3 value for MMTV is 0.390, and all ENCobs/ENCexp ratios are greater than 0.87, indicating an almost random usage of the available codons (no synonymous codon bias).
HBV
The HBV RNA genome shows extensive overlap of the ORFs encoding the polymerase and surface protein, thus constraining evolutionary freedom and synonymous codon usage possibilities. Minor differences in codon usage patterns of these overlapping ORFs were reported (Pavesi, 2015) . We have analysed these overlapping ORFs separately in order to investigate whether the compositional trends observed among viruses without gene overlap may also hold in cases of gene overlap. Indeed, U (35.0 %) and A (28.9 %) accumulated in ss regions of the predicted RNA structures at the expense of G (only 8.0 %). Conversely, G values increased to 32.0 % in the ds domains at the expense of A (18.7 %) and U (23.1 %). Skew lines are rather neutral for all nucleotides and the ds compartment, but diverge in the ss segment according to the trend that G loses from all other nucleotides. Values for GC3 and ENC are unremarkable (0.480 and 0.90, respectively).
RABV and EBOV
Both these viruses have a negative-strand RNA genome that is packaged in virion particles. We also analysed the plus strand that functions both as a replication intermediate and -by definition -as mRNA for translation of the viral proteins. Biological functions and evolutionary pressure can be attributed to both the À and +RNA forms. The RABV ÀRNA genome shows little nucleotide bias, but a distinctive feature of EBOV ÀRNA is the moderate U-enrichment (32.0 %) and C-depletion (19.8 %). Both viruses share similar trends when comparing the nucleotide preference of the ss and ds segments. The ÀRNA genome increases the Acount in the ss segment (RABV 34.1 %, EBOV 33.4 %), whereas G declines in frequency (RABV 11.6 %, EBOV 11.9 %). Reverse patterns are obviously present in the ds compartment. Skew profiles are most informative for the ss segment and show overall similarity between these viruses, but also some notable differences (see, e.g. the UA line in the ÀRNA strands). The +RNA encodes the viral proteins, and A-enrichment seems to dictate EBOV codon usage (Cristina et al., 2015) . All ENCobs/ENCexp values are close to 1, suggesting an absence of synonymous codon bias. GC3 values are close to normal (0.500), except for the EBOV polymerase gene (0.384).
Influenza A virus
This virus has a ÀRNA genome that is partitioned into eight segments. The basic nucleotide composition was analysed for all segments separately, but we will discuss the average values with the SD as all fragments behave similarly concerning nucleotide usage (Table 3) . On average, the ÀRNA genome segments are U-rich (32.5±2.2 %) and G-poor (19.3±1.1 %) and these trends are inflated in the ss portion (39.6±2.2 % and 6.4±1.1 %, respectively). The complementary pattern is obvious for the viral +RNA segments, which is particularly A-rich (32.5±2.2 %), especially in the ss domains (51.5±2.4 %), at the expense of C, U and G. Nucleotide usage in the ds domains is clearly less biased. Nucleotide skew analyses support these nucleotide trends along the viral genome segments. It should be noted that skew lines tend to become a bit wobbly for the smaller genome segments due to the limiting data set (sizes range from 2341 nt for segment 1 to 890 nt for segment 8). The Nc-plots indicate the absence of codon selection bias, with average GC3 values of 0.439±0.018 and ENCobs/ENCexp values of 0.876±0.048.
Picobirna
Picobirnavirus was included as a representative ds RNA virus with a segmented genome. The two segments share some nucleotide features, but are not identical. Segment 1 is fairly unbiased, but segment 2 disfavours C (20.2 %). This C-decline is enhanced in the ss segments (13.7 %). This trend is not significant for segment 1, where we do see a sharp reduction in the G-count (23.4-14.2 %). Both segments accumulate A nucleotides in the ss segments (39.6 and 40.9 % for segments 1 and 2, respectively). In skew plots, the ranking order of lines changed accordingly (segment 1: UG, CG, UC, UA, CA and GA and segment 2: UC, UG, CG, UA, GA and CA). For both segments, values for GC3 and ENCobs/ENCexp are close to 0.500 and 1, respectively, indicating the absence of codon bias.
Barnavirus
Barnavirus infects fungi and was used as an outlier virus that does not infect a mammalian host. Nevertheless, some of the general trends also apply to Barnavirus: A-accumulation and G-depletion in the ss genome segments. In addition, the C-nucleotide is suppressed in the ss domains. The skew lines correlate with these characteristics. CG skew is close to 0. Codon analysis indicates that GC3 values are close to 0.500 and ENCobs/ENCexp values are close to 1, suggesting that translational control by selective codon usage is absent.
Randomization of viral RNA genomes
A selection of viral RNA genomes was subjected to a process of randomization (five cycles) that preserves the nucleotide composition, but that effectively destroys the RNA sequence and the structure. Folding and ss/ds discrimination was performed as described above for the wild-type viral sequences. Surprisingly, the ss/ds compositional properties remain largely unaffected by the randomization process (Table S1) . Apparently, the tendency of a nucleotide to become either ss or ds is governed by the nucleotide composition of a viral RNA sequence, independent of the actual sequence and structure. For HCV, these ss/ds nucleotide proportions are nearly identical to that of the SHAPE-mediated secondary structure predictions.
DISCUSSION
Many studies have entertained the idea that different kinds of viruses selected a certain codon usage, likely as a means to impose control on the translation of the viral proteins (Bahir et al., 2009; Belalov & Lukashev, 2013; Berkhout et al., 2002; Chen, 2013; Chen & Chen, 2014; Cristina et al., 2015; de Melo Freire, 2015; Gu et al., 2004; Hu et al., 2011; Jenkins & Holmes, 2003; Jenkins et al., 2001; Kypr & Mrazek, 1987; Lara-Ramirez et al., 2014; Leifer et al., 2013; Li et al., 2012; Moratorio et al., 2013; Pavesi, 2015; Pyrc et al., 2004; Rima, 2015; Rothberg & Wimmer, 1981; Schubert & Putonti, 2010; Shi et al., 2013; Shin et al., 2015; Su et al., 2009; Tao et al., 2009; van Hemert et al., 2006; van Weringh et al., 2011; Wang et al., 2011; Wong et al., 2010; Zhou et al., 2005 Zhou et al., , 2012 Zhou et al., , 2013 . The current broad survey on RNA viruses indicates that viral codon usage is dictated primarily by the specific nucleotide composition of the viral RNA genome, without a significant bias in codon usage, except for HAV and HIV as discussed below. This finding matches our earlier reports on specific viruses: HIV, coronaviruses and more recently the Zika virus and the broad flavivirus group. Studies that solely relied on a codon bias analysis in viral genomes should be reconsidered in the context of the biased nucleotide composition of the viral RNA genomes. In other words, HIV-1 clearly uses A-rich codons that originally sparked ideas about translational regulatory schemes (Kypr & Mrazek, 1987) , but all this seems a consequence of the A-rich (35.8 %) RNA genome of this virus (Berkhout & van Hemert, 1994) . Similar conclusions can be drawn for viral RNA genomes that are particularly U-rich (coronavirus HKU, 40.3 %), C-rich (Rubella, 38.8 %) or Grich (also Rubella, 30.8 %).
Translational selection or codon bias is less frequently observed in eukaryotes than in unicellular organisms, in which the preference for a subset of codons is intimately related with the level of gene expression (Musto et al., 2001; Santos et al., 2004; Sau et al., 2005) . In the currently analysed collection of viral genomes, only HAV and HIV genes exhibit ENC values that indicate weak translational selection. Nc-plots applied to display translational selection may also be interpreted as plots of nucleotide preference (GC3) versus codon bias (ENC) of the genes involved. As such, the Nc-plots in Fig. 2 illustrate a dominance of compositional nucleotide preference compared to the influence of codon bias, particularly in viruses with positive-sense ss genomes.
The GC3 values at the X-axis refer to the nucleotide composition at the third position of codons in the ORFs. Interestingly, the variation in these values shows a relationship with the classification of these viruses. GC3 values between 0.172 (HKU ORF1a) and 0.834 (Rubella virus ORF1) are observed among the ss+RNA viruses. GC3 values of ss +RNA/DNA retroviruses are less extreme, ranging from 0.311 (HIV-1 Pol) to 0.574 (HTLV-1 Gag). GC3 values for genes in ssÀRNA, dsÀRNA and segmented RNA viral genomes are within the range of 0.384 (EBOV polymerase) to 0.524 (RABV G gene). However, viruses have evolved other means to regulate gene expression at the level of mRNA translation (van Weringh et al., 2011; Wilusz, 2015) .
Some general nucleotide signatures are prominently observed in the unpaired ss domains of viral RNA genomes when compared to the complete genome: in particular, A increases further and G decreases further. Obviously, the inverse situation is apparent (A down and G up) in the ds domains. We recently observed the same effects for the emerging Zika virus (van Hemert & Berkhout, 2016) . These general nucleotide features of viral RNA genomes may have been selected because it provides them with certain properties that facilitate survival in the precarious environment of the host cell with an elaborate innate immune system that tries to detect viral infections as early as possible. As an alternative scenario, simple base-pairing rules could also underlie these trends, e.g. G enhancement in ds domains may relate to the fact that this base is the ultimate base-pairing partner as it pairs both with C, forming a stable G-C pair, and U.
A perhaps surprising finding is that the further enhancement of a virus-specific nucleotide bias is also apparent in predicted structures of randomized viral genomes, suggesting that it represents an intrinsic feature of a given RNA base composition. We therefore present a general and, in fact, fairly logical explanation that is based on restrictions in the base-paired ds domains. The paired ds segments should exhibit similar values for the fixed base-pairing partners, that is C moves with G and A with U, with an occasional G-U pair and possibly non-canonical base pairs. Thus, extreme values (high or low) of an individual nucleotide can only be realized in the unpaired ss segments. HCV behaves atypically by further boosting of the preferred C and G nucleotides in the ds RNA domains, but this finding is fully consistent with the latter scenario as these two preferred nucleotides are base-pairing partners.
The origin of a biased nucleotide count may be due to mutational bias (preferential nucleotide incorporation by viral polymerase, post-transcriptional nucleotide modification by APOBEC-like enzymes or similar possibilities) or caused by selection for function, e.g. to facilitate RNA packaging (Kutluay et al., 2014; Moeller et al., 2012) or to escape from sensors of the innate immune system (Berg et al., 2012; Vabret et al., 2012) . A possible evolutionary scenario is as follows. Nearly all mutations at the first and any mutation at the second position of a sense codon cause a substitution of the encoded amino acid. Consequently, the nucleotide composition of first and second codon positions in a gene depends on the amino acid composition of the protein product, and its variation is constrained by functional selection at the level of protein evolution. At the third codon positions of a viral gene, 69 % of the possible alterations represent synonymous or silent mutations, which are not restricted by functional selection of amino acids. Perhaps surprisingly, the non-synonymous mutations at the third codon position (31 %) of a viral gene frequently encounter the same restrictions, indicating that nucleotide preferences occur independently of codon selection. Examples illustrating this interplay are Rubella virus on the one hand (69.6 % G+C) and coronavirus HKU on the other (32.0 % G+C), displaying an extremely skewed nucleotide composition in combination with the virtual absence of codon bias in the reading frames. HIV and to a lesser extent HAV are the only viruses in this collection that combine strong A-accumulation with weak translational selection by means of codon bias. To underscore the impact of the former pressure, we even documented a tendency in HIV proteins for selection of amino acids encoded by A-rich codons (Berkhout & van Hemert, 1994) .
In summary, the nucleotide composition of a particular viral RNA genome, although frequently ignored when dinucleotide or codon analyses are performed, forms a major driving force behind many of the virus-specific genome properties. The virus-specific nucleotide signatures are highlighted in the context of the structured RNA genome and frequently dictate the codons that are preferentially used for translation of the viral proteins. We first reported that genome-wide nucleotide bias determines codon usage in HIV-1 (van Hemert & Berkhout, 1995) . This trend was subsequently expanded to other RNA viruses (Jenkins & Holmes, 2003; van Hemert & Berkhout, 2016) and seems to hold for all virus classes analysed to date (this study). These nucleotide compositional properties may even provide a useful tool in the construction of virus phylogenies and the classification of novel viruses (van der Kuyl & Berkhout, 2012; van Hemert & Berkhout, 1995) . It was also proposed that the nucleotide composition of IAV strains can be used to identify the host species, e.g. human versus avian (Rabadan et al., 2006; Wong et al., 2010) . However, such classification does not necessarily mean that virus codon usage matches that of the host. As reviewed by Young et al. (2013) , viral codon usage either matches (Bahir et al., 2009; Carbone, 2008; Su et al., 2009) or significantly deviates (Gu et al., 2004; Sau et al., 2005 Sau et al., , 2007 from that of the host. Such virus-to-virus or even strain-to-strain differences may possibly be linked to differences in the mutational properties of the viral polymerase (Cheung et al., 2015) .
METHODS
RNA structure prediction. Nucleotide sequences of viral RNA genomes were taken from GenBank as specified in Table 1 . RNA secondary structure prediction was performed with MFold v3.6 using default settings (Zuker, 2003) . The ss-count file of this MFold output supplied the number of folded structures (maximally 50), including a frequency value of each individual nucleotide being unpaired in this collection of structures. We scored a nucleotide as unpaired (singlestranded, 'ss') if present as such in at least half of the structure models. Nucleotides with a lower ss-count were scored as double-stranded ('ds'). Discrimination between ss and ds nucleotides was done in Excel; FASTA files were created to determine the nucleotide composition by means of MEGA v5 (Tamura et al., 2011) . The size limit for submission to the MFold server is 9000 nt, and therefore RNA genomes larger than 9000 nt were partitioned into portions with a 500-1000 nt overlap. The ss-count data in the overlap region were arithmetically averaged before the ss/ds discrimination was performed. Randomization of viral genomes (five cycles) was performed by means of the web server at http://www.cellbiol.com/scripts/randomizer/dna_protein_sequence_ randomizer.php.
Skew analysis. Base composition analysis along the RNA genome length and the accompanying ss and ds FASTA files was performed by the method of cumulative skew diagrams in overlapping windows (Berkhout et al., 2002; Grigoriev, 1998) . For normalization purposes, overlapping windows were defined around 1 % of the sequence length with a step size of 20 % of the window size. The skew between nucleotides N1 and N2 is defined by the ratio (N1ÀN2)/(N1+N2), and hence a positive value of this ratio indicates that N1 proportionally exceeds N2.
If the N1 versus N2 comparison results in a negative skew value, the same but positive skew value is true for these nucleotides in the reverse order (N2 versus N1).
Codon usage. Reading frames were analysed in the 'Nc-plot' with the effective number of codons (ENC values) versus the GC-content at the third codon positions (GC3) (Wright, 1990) . A continuous line indicates ENC values expected (ENCexp) for random codon usage at that particular GC3 value. Deviation from this line in the direction of lower ENC values (observed ENC values, ENCobs) points to the selection of a preferred set of codons as initially described for highly expressed genes in yeast (Bennetzen & Hall, 1982) and Escherichia coli (Sharp et al., 1993) . The ratio ENCobs/ENCexp provides a simple measure for the extent of this deviation. A ratio value of 1 (ENCobs=ENCexp) indicates zero synonymous codon bias. Values close to 1 (0.8-1.0) indicate very weak or virtually absent synonymous codon bias. ENC and GC3 values were determined by means of Simmonics 2005 v1.5 software (Simmonds, 2006 ). All calculations were performed in Excel.
